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We use molecular dynamics simulations to study the dynamics of Janus particles, micro- or
nanoparticles which are not spherically symmetric, in the uniform flow of a simple liquid. In partic-
ular we consider spheres with an asymmetry in the solid-liquid interaction over their surfaces and
calculate the forces and torques experienced by the particles as a function of their orientation with
respect to the flow. We also examine particles that are deformed slightly from a spherical shape. We
compare the simulation results to the predictions of a previously introduced theoretical approach,
which computes the forces and torques on particles with variable slip lengths or aspherical deforma-
tions that are much smaller than the particle radius. We find that there is good agreement between
the forces and torques computed from our simulations and the theoretical predictions, when the slip
condition is applied to the first layer of liquid molecules adjacent to the surface.
I. INTRODUCTION
Janus particles [1, 2], named after the Roman god
with two faces, are micro- or nanoparticles which are not
spherically symmetric. Although many types of asym-
metry are possible [3], the typical example is a spheri-
cal particle consisting of two hemispheres with distinct
surface properties. Many different types of Janus parti-
cles have been reported [1, 2], and possible applications
often draw upon the interesting surface wettability, self-
assembly, or multifunctional properties of these particles.
Multifunctional Janus particles are being used to control
affinity for human endothelial cells [4] or breast cancer
cells [5] in biomedical applications. Examples of the im-
portance of wettability are provided by the use of am-
phiphilic Janus particles for the stabilization of water-
in-oil or oil-in-water emulsions [1]. Much as amphiphilic
molecules can form various patterned micelles and vesi-
cles in water [6], collections of Janus particles can also
self-assemble into similar phases [7, 8].
Links between surface wettability and micro- to
nanoscale fluid dynamics have become of significant in-
terest in recent times, particularly in relation to a slip
boundary condition [9–13]. At the solid-liquid interface,
the usual hydrodynamic assumption is the Dirichlet (non-
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slip) boundary condition, in which the fluid adjacent to
the surface has zero speed. When this assumption is vi-
olated, slip occurs, and non-zero slip has been observed
experimentally for atomically smooth, hydrophobic sur-
faces [9, 11]. The non-slip boundary condition is most
commonly described in the rest frame of the wall using
the slip length b, defined according to Navier’s approach
[10, 14–16] in which the velocity (v) of an incompressible
fluid has a component tangential to the surface (v‖) that
is proportional to the shear rate:
v‖ = bn ·
(
∇v + (∇v)T
)
· (I− nn) . (1)
Here n is the unit normal to the surface. In a simple shear
flow over a planar surface, the slip length represents the
depth at which a linear extrapolation of the tangential
flow velocity at the surface becomes zero.
A Janus particle may have an asymmetric hydrody-
namic boundary condition, because different areas on
the particle surface can have different slip lengths. Such
an asymmetry can generate interesting dynamics, and
the force and torque on a slip-asymmetric Janus par-
ticle in uniform Newtonian flow have been analytically
calculated at the continuum level [17, 18]. These cal-
culations suggest that a Janus particle consisting of two
hemispheres with differing boundary conditions will ex-
perience a torque, and have a reduced linear drag co-
efficient compared to a sphere with a no-slip boundary
condition [17]. The analytical results apply to particles of
radius R in the limit b R, in which case the slip asym-
metry is mathematically equivalent to slight deformation
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2of a sphere [19].
Slip-induced dynamics of Janus particles are of prac-
tical interest for several reasons. Firstly, experimental
evidence for molecular scale slip has been obtained using
a limited range of techniques [9, 11, 20]. The most suc-
cessful of these (AFM colloidal probe, and surface force
apparatus) measure the force between two surfaces due
to drainage, rather than directly measuring the shear
force couple between the fluid and the surface. There-
fore, studies of slip on micro- and nanospheres could ver-
ify and further elucidate the physical nature of molecular
scale slip. Secondly, the dynamics provide a mechanism
for manipulation and orientation of particles, without the
application of external fields, suggesting possible applica-
tions as multifunctional particles. Thirdly, the collective
dynamics of Janus particles could be affected. Simula-
tions of Janus particle self-assembly [7, 8, 21] have not so
far considered slip.
This paper presents molecular dynamics (MD) simula-
tions of Janus particles with asymmetric wettability (and
consequently an asymmetry in the slip length) in a sim-
ple fluid flow. The values of the force and torque on the
particles are calculated as a function of the slip length of
the two hemispheres, and the angle between the asym-
metry and the flow. Results are compared with the con-
tinuum theoretical studies of the slip-asymmetric Janus
sphere, and of a slightly deformed sphere with homo-
geneous wettability. Presently, MD simulations are es-
sential for studying slip-asymmetric Janus particles, be-
cause the predicted dynamics have not been experimen-
tally confirmed, mostly due to competition with Brown-
ian motion [17]. Here we make explicit predictions of the
forces and torques on particles, whereas previous studies
have been largely descriptive [22, 23].
II. THEORETICAL APPROACH
A. The Janus particle
The system studied is a Janus particle modelled as a
sphere of radius R evenly divided into hemispheres re-
ferred to as 1 and 2, with the respective slip lengths b1
and b2. The fluid (viscosity η) moves at a velocity U
relative to the Janus particle. The angle θ between the
sphere and the flow is defined in Fig. 1.
In general, the effective slip length measured for flow
around a sphere b‖ will not be equal to the effective slip
length measured for flow over a plane b? for the same
liquid-solid interaction strength. As shown by Chen et
al. [24], when Eq. 1 is used to define slip, for a surface
with radius of curvature R we have the relation:
1
b‖
=
1
b?
+
1
R
(2)
where b‖ ≤ b?. Note that the sign of the curvature R
differs from some previous accounts [14, 17, 18] because
θ
R
2
1
U,η
x
z
FIG. 1. Geometry of the system : cross-section through the
centre of a Janus sphere in the x-z plane. The sphere of radius
R is divided into two hemispheres 1 and 2. The unbounded
uniform flow U is parallel to the x axis, and the sphere is
rotated by an angle θ about the y axis.
we define the radius of curvature of the sphere to be
positive (and therefore equal to the sphere radius).
We consider the drag force acting parallel to the inci-
dent flow, which is in the positive x direction, and the
torque about the y axis. If U has a component in the
y direction, there are other force and torque components
not considered here. It was previously found [17] that the
force on a Janus particle with asymmetric slip can be ex-
panded as a first order approximation to the well-known
Stokes drag force:
FStokes = 6piηRU. (3)
For this Janus particle (Fig. 1), the force and torque are
given by

FJanus = 6piηRU(1− b
‖
1 + b
‖
2
2R
)
TJanus = −9piηR2U (b
‖
1 − b‖2)
2R
cos(θ)
(4)
where b
‖
1  R, b‖2  R.
B. The slightly deformed sphere
We also consider a slightly deformed sphere where the
deformation is aligned with the slip asymmetry. The
force and torque on a slightly deformed sphere [19] can be
determined using the spherical polar co-ordinate angles
θ (see Fig. 1) and φ to define a point on the surface of
the sphere which we associate with the radius Rd(θ, φ).
The sphere surface takes the locus of points:
Rd(θ, φ) = R(1 + f(θ, φ)) (5)
where  is the amplitude of the deformation on one hemi-
sphere (  1), γ is the amplitude of the deforma-
tion on the other hemisphere (γ  1), and f(θ, φ) =
31
2 (1 + γ) +
3
4 (γ− 1)cos(θ) is the first order spherical har-
monic expansion describing the geometry.
Calculation of force and torque on the slightly de-
formed sphere with a non-slip boundary condition leads
to the set of equations
FJanus = 6piηRU(1− /2(1 + γ))
TJanus = −9
2
piηR2U(1− γ)cos(θ) . (6)
The effects of asymmetric slip (Eq. 4) and deformation
(Eq. 6) are both first order corrections to the Stokes drag
(Eq. 3), so we can add them to describe a deformed par-
ticle with slip asymmetry, leading to the set of equations:
FJanus = 6piηRU(1− /2(1 + γ)− b
‖
1 + b
‖
2
2R
)
TJanus = −9
2
piηR2U((1− γ) + b
‖
1 − b‖2
2R
)cos(θ)
. (7)
By choosing a deformed sphere with the same slip con-
dition b
‖
1 = b
‖
2 = b
‖ on both hemispheres, the slip-induced
torque vanishes, while the first order correction remains
for the force equation:
FJanus = 6piηRU(1− b
‖
R
− /2(1 + γ))
TJanus = −9
2
piηR2U(1− γ)cos(θ)
. (8)
III. METHODS AND SIMULATIONS
A. Inter-molecular interactions
The molecular dynamics simulations were carried out
using an explicit solvent with inter-molecular interactions
described by a Lennard-Jones pair potential. For exam-
ple, the interactions between two fluid monomers (i,j )
follow the equation:
Uij(r) = 4E0[(
σ
r
)12 − (σ
r
)6)] (9)
where E0 represents the depth of the potential well, r is
the distance between the centres of the monomers, and σ
is the distance where Uij = 0. The potential is truncated
at 2.5 σ for computational efficiency, at which separation
Uij(2.5σ) = 0.016E0.
The surface of the particle is divided evenly in two
hemispheres referred to as 1 and 2, each interacting with
the fluid monomers by a different Lennard Jones poten-
tial, with a different potential well. For example, the
interaction between the monomers of hemisphere 1 and
the fluid monomers follow the equation:Uij(r) = 4E1[(
σ
r
)12 − (σ
r
)6)]
E1 = A1E0
(10)
where A1 is a parameter allowing adjustments of the
strength of the pair interaction. As we will see below,
the fluid-Janus monomer pair interaction is related to
the slip length in that hemisphere, so the slip length b
‖
1
can be controlled by altering A1. The Janus monomers
of hemispheres 1 and 2 do not interact with each other.
B. The Janus Particle
The Janus particle was constructed from 270
monomers arranged on the surface of a sphere (Fig. 2,
left). The radius of a sphere containing the monomers is
4.08σ. The theoretical predictions (above) are expected
to be valid when b  R, and our simulations extend to
the upper bound of where we might expect this theory
to apply.
The particle behaves as a rigid body : the relative
distance from each monomer on the Janus particle is
fixed, and the Janus particle is static in the flow (no
translational nor angular motion). The positions of the
monomers on the Janus particle were calculated using a
Monte Carlo Scheme so that the monomers were evenly
distributed on the surface. Each monomer (i,j ) on the
surface is defined by the two angles (φi1,φ
i
2). We designed
an arbitrary score function which strongly disadvantages
configurations in which two monomers are close, defined
as
S =
∑
i 6=j
(
1
dij
)4, (11)
where (i,j ) refer to the monomers of the Janus parti-
cle. The score function can be seen as a repulsive force
between close monomers. Convergence was assessed by
studying the first peak of the pair distribution function.
A new Monte Carlo design of the Janus particle was done
before each simulation in order to account for the irreg-
ularities of the particle.
The deformed homegeneous sphere (Fig. 2, right) was
designed using the same Monte Carlo scheme, with a uni-
form pair interaction potential (A1 = A2).
C. Molecular dynamics simulations
The equations of motion are integrated using a Verlet
method with the timestep set at ∆t = 0.005τLJ , where
τLJ is the Lennard-Jones timescale (m0σ/E0)
1/2
and m0
is the monomer mass. All simulations are run in Lennard-
Jones units, where σ is the unit of distance, E0 is the
unit of energy, m0 the unit of mass and τLJ the unit
of time, without loss of generality. The simulations were
carried out with LAMMPS [25] in the canonical ensemble
(constant NVT). The temperature was set at 1.1/kB
(where kB is the Boltzmann constant) using a Langevin
thermostat with a damping factor (coupling parameter)
4FIG. 2. Snapshot of the Janus particle (left) and the deformed
sphere (right). Both particles are made of 270 Lennard Jones
monomers. Note that the deformation of the sphere has been
exaggerated here for the sake of visibility.
set at 20 τLJ . Initial velocities for the monomers were
drawn from a Maxwell-Boltzmann distribution.
For the study of the Janus particle, the system con-
sisted of 46288 fluid monomers of mass m0 in a cubic box
with sides of length 39.62σ (ρfluid = 0.75σ
−3). Periodic
boundary conditions are used in the three dimensions.
The flow is created by moving the Janus particle at a
constant speed (U = 0.3σ/τ) in a static fluid. The ef-
fect of the finite box size was assessed by monitoring the
average fluid speed at the boundary of the box, which
was found to be less than 3% of the speed of the Janus
particle in all simulations reported here.
We computed the fluid’s shear viscosity η using the
Green-Kubo relation, which relates the viscosity to the
autocorrelation function of a diagonal component of the
pressure tensor. This was calculated using a system with
only fluid monomers in a box with periodic boundary
conditions and with the fluid at the same fluid density
as the fluid in the Janus particle simulations. The cal-
culation converged in 2 × 107 MD steps to a value of
η = 3.40± 0.01 m0/στLJ .
Slip lengths b?P for flow over a planar surface were com-
puted as a function of the fluid-Janus particle interaction
energy E = AE0 by simulating a Poiseuille flow between
two solid walls in the yz plane. The walls were composed
of (111) planes of face-centered cubic lattice (i.e. a close-
packed surface) with a surface density corresponding to
that of the Janus particle. The Poiseuille flow was cre-
ated by adding a constant force Fx = 0.005E0/σ to all
the fluid monomers. The velocity profile across the chan-
nel was then fitted with a parabolic curve to determine
the slip length at the walls for each value of the fluid-wall
monomer interaction energy E = AE0. The exact posi-
tion of the walls in this calculation is discussed further
below.
The number of monomers in our structures varied be-
tween around 10 000 and 60 000. Simulations were al-
lowed 2 × 105 time steps for equilibration, followed by
8× 105 time steps for production runs. For each type of
simulation 10 simulations were run to estimate the mean
and standard deviation of computed quantities.
IV. RESULTS
A. Effect of thermostat on the slip length
Although, as discussed above, we use a Langevin ther-
mostat for most of the work reported here, it is impor-
tant to check whether this has an impact on computed
slip lengths. Figure 3 shows the slip length for a pla-
nar surface b?P as a function of E = AE0 for both the
Langevin thermostat (Fig. 3, blue line), a Nose´-Hoover
thermostat (Fig. 3, green line) and several values from
Ref [22]. The Nose´-Hoover thermostat used a coupling
parameter of 1.0 τLJ , which is the same value used in
Ref [22]. The differences are relatively small, but our
choice of thermostat enabled us to avoid the ‘flying ice
cube’ effect [26] over a wider range of simulation param-
eters. This choice of thermostat leads to slightly larger
values of slip length for small E than the simulations in
Ref [22].
 1
 2
 3
 4
 5
 6
 7
 8
 0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
sl
ip
 le
ng
th
pair interation strength E
Ref [22]
Nosé−Hoover
Langevin
FIG. 3. Slip length in σ units, as a function of E = AE0 on
the surface. Literature values of b?P from Ref [22] are shown
in black, we were able to replicate these results (green). The
result with the Langevin thermostat is shown in blue.
B. Slip for a homogeneous sphere
We can compute the slip length for a homogeneous
sphere in order to check the applicability of Eq. 2. Us-
ing Eq. 4 with b
‖
1 = b
‖
2, an effective slip length b
‖
S can
be extracted from the measured force on a simulated ho-
mogeneous sphere for various values of the interaction
strength E:
b
‖
S = R(1−
F
6piηRU
) (12)
The calculations to find the Stokes-extracted slip length
b
‖
S and the corrected slip length b
‖
C both use the radius
of the sphere R. There are two different, but reasonable
definitions for the radius of the sphere (see Fig. 4) :
5First-layer
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FIG. 4. Both the effective radius R of the simulated sphere
(left) and the slip length (right) can be defined using either
the position of the solid wall (surface), or the first layer of
fluid monomers. The latter definition was consistently used
here.
FIG. 5. The corrected values of the slip lengths b
‖
C (purple),
along with the slip length values b
‖
S computed from the sim-
ulation of the homogeneous sphere (red).
the distance from the center of the sphere to the surface
monomers (R = 4.08 σ), or the distance from the center
of the sphere to the first layer of fluid (R = 5.08 σ). The
difference is 20%, and therefore not negligible.
Analysis of the simulations shows that the latter defini-
tion has the better agreement, and is used in what follows
throughout. In particular, we find that the slip length
calculated from the homogeneous particle b
‖
S is in good
agreement with the values calculated from the Poiseuille
flow if the effective radius is chosen to be R = 5.08 σ (see
Fig. 5). This makes physical sense, as it is in the first
layer of fluid where the boundary condition (Eq. 1) is de-
fined. At low slip length the agreement is especially good
whereas at high slip length a difference is visible, which
is consistent with the fact that the theory used the the-
oretical assumption b R. This is not the case here, as
the maximum slip length is nearly half the radius. In the
following, the slip length used to calculate the expected
force and torque is the slip length b
‖
S extracted from the
homogeneous sphere simulations.
C. Force and torque for a Janus particle
To assess the agreement of the simulations with Eqs. 4,
we calculated the force and torque on simulated Janus
particles with two different values of the interaction
strength R as a function of the angle θ, and the two
slip lengths b
‖
1 and b
‖
2 imputed from the calculations in
the previous section. The results, shown in Fig. 6, are in
good agreement with the the expected values from the
theory. The functional agreement is high (the fits have
Pearson coefficients larger than 0.994) and the magni-
tude of the simulated values are always within 4% of the
expected ones.
One can detect a small variation of frequency pi in the
subplot (a), representing a variation in the force as a
function of the angle. This variation is likely to be the
consequence of a second order term, as the values of slip
length are of the same order of magnitude as the radius
of the sphere. One other possibility is the design of the
sphere, which is not regular along the equator between
the two poles (see Fig. 2). The amplitude of this effect is,
however, small : 0.27% of the force value. We conclude
that the theory does an excellent job of describing the
forces and torques on our simulated Janus particle.
D. Force and torque for a deformed sphere
Finally we calculated the force and torque using simu-
lations for a deformed sphere, which should be described
by Eqs. 13, as a function of the angle θ, and the defor-
mation parameters  and γ (see Fig. 7). We designed a
deformed sphere with homogeneous interaction strength
E where the slip length b‖ is as small as possible (A = 1.0
everywhere, thus we expect that b‖ = 1.58σ). Again, we
find that the simulations are in good agreement with the
expected values. The differences are larger than in the
case of the Janus particle simulations, quite possibly due
to the combination of the slip and the deformation.
In particular, the simulation of the force as a function
of the angle (subplot (a)) exhibits a sinusoidal deviation
of frequency pi from the expected behavior. Again, this
might be a second order effect as in the Janus particle set
of simulations, or a combined effect of the slip and the de-
formation. The amplitude of this effect is however small
: less than 2% of the value of the force. A theoretical
analysis to include second order terms is not trivial.
However, when fitting the data with a free multiplica-
tive parameter B as follows
T = −B ∗ 9
2
piηR2U(1− γ)cos(θ) (13)
we find that B = 0.72, which is of the order of (1− b‖R ) =
0.69 in these simulations. This correction can be physi-
cally interpreted as the first order torque acting from an
adjusted distance Radjusted = R(1− b‖R ).
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FIG. 6. Force and torque values as a function of θ, b
‖
1 and b
‖
2 for the Janus particle simulation. The values calculated from
simulations are plotted in purple, and the expected values (Eq. 4) are shown in green. Fixed parameters : for a,d : A1 = 1.0,
A2 = 0.7. For b,e : A2 = 0.8, θ = 0. For c,f : A1 = 1.0, θ = 0.
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FIG. 7. Force and torque values as a function of θ,  and γ for the deformed sphere simulation. The values are plotted in
purple, and the expected values (Eqs. 13) are shown in green. On subplot (a) a fit with a cosine is presented and shows a
second-order effect (red). On subplots (d,e,f) a fit is shown in red. Fixed parameters : for a,d :  = 0.1, γ = 0.3. For b,e :
θ = 0, γ = 0.3. For c,f : θ = 0,  = 0.1.
V. CONCLUSION
For small Janus particles in a simple liquid flow, we
find good agreement between the forces and torques
computed from molecular dynamics simulations and a
continuum theoretical description based on inhomoge-
neous perturbations to a Stokes flow about a homogenous
sphere. We have considered particles with an asymmetry
in the solid-liquid interaction strength over their surfaces
and particles that are deformed slightly from a spheri-
cal shape but have a uniform interaction strength. The
theory gives excellent quantitative agreement with the
simulations, particularly in the limit of small perturba-
tions or slip lengths as used in the theory, and describes
7the functional dependence of forces and torques on angle
well. The results demonstrate the importance of apply-
ing the slip condition at the first layer of fluid molecules,
and of adjusting the slip length to account for surface
curvature. This work suggests that molecular dynamics
simulations could be used to study related problems with
more complicated geometries and flows.
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